Two secreted signaling molecules, wingless (wg) and decapentaplegic (dpp), are required to specify the heart in Drosophila. wg and dpp are also required to specify other cell types within the mesoderm and in many other regions of the embryo. Because the spatial patterns of wg and dpp are dynamic, different populations of mesodermal cells are exposed to different combinations of wg and/or dpp at different times. To determine whether the patterns of wg and dpp expression provide unique positional information for the specification of heart precursors, we altered these patterns. Our data suggest that wg and dpp contribute progressively to the elaboration of the expression pattern of the mesodermspecific homeobox-containing gene tinman (tin), and that the overlap of wg and dpp at an early stage (9) as well as at a later stage (11) in the presence of tin-expressing cells directs cardiac-specific differentiation. Furthermore, ectopic tin expression in the ectoderm at wg/dpp intersects (the primordia of the thoracic imaginal disks) also leads to cardiac-specific differentiation, suggesting that tin confers mesoderm-specificity to the wg/dpp response. We conclude that ectopic heart can be generated by altering the patterns of wg and dpp within the tin-expressing mesoderm, or by ectopic induction of tin within the wg-and dpp-expressing ectoderm. q
Introduction
The Drosophila mesoderm is derived from cells of the ventral region of the blastoderm-stage embryo, which invaginate during gastrulation and spread as a monolayer of cells directly opposed to the inner surface of the ectoderm. At the time of invagination, these cells are committed to become mesoderm; transplant studies show that when moved to other parts of the embryo, they will develop only into mesodermal derivatives (Beer et al., 1987) . However, the specific mesodermal fate is still plastic at this stage, and is determined by the position to which these cells are transplanted. Most mesodermal cells will contribute either to the somatic (skeletal) muscles, the visceral muscles, the heart, the fat body, or the gonadal mesoderm. The specification of each of these tissues occurs in a discontinuous pattern, at specific anterior-posterior and dorsal-ventral positions within each segment (Dunin Borkowski et al., 1995; Azpiazu et al., 1996; Riechmann et al., 1997; Lee and Frasch; . In particular, the Drosophila heart is specified at a medial, dorsal position within each segment of the trunk (T2-A7), on both the left and the right sides of the dorsal midline. During dorsal closure, the anterior-posterior strand of heart precursors on the left unites with the strand of heart precursors on the right, and forms a linear contractile heart tube.
We wished to understand the patterning events that result in the specification and positioning of the heart at the dorsal mesodermal edge. We assumed that genes involved in this process would have two characteristics. First, such genes should be required for specification of the cardiac primordium, and second, should provide spatial information that explains the position of specification. Of the known genes involved in heart development, only the secreted signaling molecules wg and dpp meet both criteria (Frasch, 1995; Wu et al., 1995; Jagla et al., 1997; reviewed in Bodmer and Frasch, 1999) . Many genes, such as the transcription factors encoded by zfh-1, D-mef2 and ladybird, tyrosine receptor kinase signaling, laminin, numb and others are required for differentiation of heart precursors or their progeny, but not for the initial specification of the cardiac mesoderm (Bour et al., 1995; Lilly et al., 1995; Yarnitzky and Volk, 1995; Jagla et al., 1997; Ruiz Gomez and Bate, 1997; Buff al., 1998; Park et al., 1998; Su et al., 1999) . Others, such as tinman (tin), sloppy-paired (sip), pannier (pnr), even-skipped (eve), hedgehog (hh) and heartless (htl), are required for or contribute to heart specification and are expressed in spatially informative patterns (Bodmer et al., 1990; Azpiazu and Frasch, 1993; Bodmer, 1993; Beiman et al., 1996; Gisselbrecht et al., 1996; Gajewski et al., 1999; Lee and Frasch, 2000) . However, these genes appear to acquire their specific patterns as a result of the patterns of wg and/or dpp, or affect heart specification indirectly, via their roles in positioning, maintaining, or transmitting the wg or dpp signal in each segment, and so provide no independent spatial information within the mesoderm (Frasch, 1995; Wu et al., 1995; Azpiazu et al., 1996; Park et al., 1996; Riechmann et al., 1997; Carmena et al., 1998a; Lee and Frasch, 2000; Knirr and Frasch, 2001 ; S. Klinedinst, Z. Han and R.B., unpublished results; data shown here). Thus, many upstream genes are required to establish the expression patterns of wg and dpp in the ectoderm, and many downstream genes acquire their own pattern because they require one or both of these patterned signals. wg and dpp appear to play a unique and central role in patterning the mesoderm because they encode secreted signals that directly influence mesodermal cells, and because they are expressed in distinct patterns, and so exert that influence only on the subset of cells within the spatial range.of their signals.
Since wg and dpp are required for heart precursor specification, and provide independent spatial information, we considered the extent to which their expression patterns can explain the position of heart cell specification within the mesoderm. Since heart specification requires both signals, the position of heart specification must be spatially limited to positions that receive both signals: this overlapping pattern occurs along the dorsal portion of the wg stripe in every segment where mesodermal cells are exposed to both wg and dpp (Fig. 1A) . Heart precursors are actually specified at the extreme dorsal edge of this wg/dpp intersect. One possibility is that some other, unknown, spatially localized gene product is required to further refine the localization of heart precursors to the dorsal edge. Another possibility is that due to the dynamic nature of the wg and dpp patterns (Fig. 1A-F) , these two signals are required to provide spatial information for heart formation not only once, but again a second time, after their expression patterns have changed. Indeed, wg and dpp intersect occurs again at the extreme dorsal edge, and at the ventro-lateral edge (Fig.  1C) . The position of the dorsal wg/dpp intersect corresponds to the actual position of heart cell specification, and is the only place where mesodermal cells are exposed to both wg and dpp at both early and late stages. Specification of other mesodermal cell types occurs at other positions along the anterior-posterior and dorsoventral axis in every segment, in positions exposed to other spatial-temporal domains of wg and/or dpp. Here, we mis-express wg and/or dpp uniformly and persistently in the mesoderm, and show that both the early and the late patterns of wg and dpp influence patterns of mesodermal gene expression and cardiac cell specification.
A related problem is to understand why heart is specified at wg/dpp intersects within the mesoderm, but not at wg/dpp intersects in other regions of the embryo. In general, a second set of region-specific genes would be sufficient to distinguish one region of wg and dpp signaling from another. Studies in the imaginal discs have identified individual gene products which are sufficient, when misexpressed, to transform one imaginal disc type into another. For example, mis-expression of either eyeless (ey), dachsund (dac), eyes absent (eya), or teashirt (tsh) generates ectopic eyes (Halder et al., 1995; Bonini et al., 1997; Shen and Mardon, 1997; Pan and Rubin, 1998) ; mis-expression of vestigial (vg) generates ectopic wings (Kim et al., 1996) ; and mis-expression of caudal (cad) generates ectopic analia (Moreno and Morata, 1999) . More recently, it has been argued that vg provides the wing-specific information required to interpret common patterning signals, including that of wg and dpp, in a wing-specific manner (Klein and Martinez Arias, 1999) . Similarly, it has also been observed that ey only generates ecotopic eyes in regions that also express dpp (Chen et al., 1999) . If cell type specification generally requires positional information provided by genes such as wg and dpp, in conjunction with a second type of contextual information provided by regionally expressed genes such as ey, vg, and cad, then there must also be a gene which provides such region-specific information to the mesoderm. Here, we show that tin is sufficient to provide this mesoderm-specific context, by mis-expressing tin across germ layers, at wg/dpp intersects in the thoracic imaginal disc primordia, and assaying for cardiac-specific cell types.
Results

The wildtype expression patterns of wg, dpp, and tin
The primary pattern of wg is established by the pair-rule genes, and is then maintained by interactions between the wg and hedgehog signal transduction systems (reviewed in Perrimon, 1994) . At the same time, the primary pattern of dpp is established in the dorsal ectoderm by repression in more ventral regions by dorsal (Ray et al., 1991) . As a result, at stage 9, after gastrulation and germ band extension, wg is expressed segmentally in 15 continuous stripes, and dpp is expressed in a broad dorsal band (Fig. 1A ) that extends to the neuroectoderm (Biehs et al., 1996) . These primary patterns intersect in a stripe in every segment where the patterns of wg and dpp overlap. By this stage, the tin-expressing mesoderm has completed its invagination, and has spread into a monolayer directly apposed to the ectoderm, such that at stage 9 some mesodermal cells are exposed to dpp, some to wg, some to neither, and some to both.
During stage 10, wg and dpp come under the control of different gene products, resulting in a transition of these . wg is expressed in continuous stripes (turquoise arrows) that extend to the dorsal edge; this expression is obscured in the dorsal region by dpp, which is expressed in a broad dorsal band (purple arrow). (B) Stage 10 (4:20-5:20 hrs). The patterns of both wg and dpp are transitional. wg expression is extinguished laterally (black arrowheads); dpp expression disappears. (C) . wg expression persists in discontinuous stripes. dpp re-appears first in a segmented pattern (not shown), which becomes continuous along the extreme dorsal edge (black arrow). At mid-stage 11, dpp is also expressed at the dorsal tip of the ventral wg stripes (black arrowheads). Red arrows point to dorsal wg/dpp intersects, where, in the underlying mesoderm, heart precursors are specified. (D) Late stage 11 (6:20-7:20 hrs) . wg expression is unchanged; dpp is now expressed not only in a continuous stripe at the dorsal edge (black arrow), but also a continuous stripe at the ventrolateral edge, in a position just dorsal to the CNS (black arrowhead). (E-F) Stages 12 (7:20-9:20 hrs) and 14 (10:20-11:20 hrs) . The patterns of wg and dpp in the ectoderm remain unchanged as the embryo undergoes germband retraction (E) and dorsal closure (F). (G-L) Embryos labeled for tinman. (G) Stage 9. tin is expressed uniformly in the trunk region of the mesoderm. (H) Stage 10. tin expression is restricted to a broad dorsal band (purple arrow, compare to stage 9 dpp pattern). (I) Mid-stage 11. tin expression is restricted segmentally, to two clusters of cells that fall along the wg stripe (turquoise arrows, compare to stage 9 wg pattern). The dorsal set of these cells corresponds to cardiac precursors (red arrows), whereas the more lateral cluster will become part of the visceral mesoderm (Yin et al., 1997; Venkatesh et al., 2000) . (J) Late stage 11. tin expression is restricted exclusively to cells of the heart, which are specified segmentally, but have now spread across the dorsal edge (red arrow). (K, L) Pattern of tin remains unchanged through germband retraction (K) and dorsal closure (L). primary patterns into secondary expression patterns. The pattern of wg in the dorsal ectoderm becomes dependent on lines (Bokor and DiNardo, 1996) and ladybird (Jagla et al., 1997) , and in the ventral neuroectoderm, on gooseberry (Li and Noll, 1993) . wg expression fades from the lateral ectoderm, so that by stage 11 the wg stripes are clearly discontinuous (Fig. 1B,C) . Also during stage 10, dpp in the dorsal ectoclerm fades, then reappears at the dorsal edge (Fig. 1B,C) . At later stages, this dorsally restricted expression is dependent on genes of the Djun pathway (Hou et al., 1997; Riesgo-Escovar and Hafen, 1997) . In addition, a second stripe of dpp later extends across the ventro-lateral edge just dorsal to the central nervous system (CNS) (Fig. 1C,D) . Thus, within each subset of mesodermal cells exposed to the original, primary patterns of wg and/or dpp, are new subsets of cells differentially exposed to the secondary patterns of the same signaling molecules. These secondary patterns of wg and dpp expression then persist at least through stage 14 ( Fig. 1E ,F), with additional changes in the wg pattern in the thoracic imaginal primordia (Couso et al., 1993) .
The initiation of tin expression is dependent on twist (Bodmer et al., 1990; Yin et al., 1997) , a bHLH gene required for mesoderm-specific gene activation. The expression pattern of a second gene, buttonhead, overlaps with twistexpressing cells in the head mesoderm, and acts as a repressor of tin expression (Yin et al., 1997) . In this first phase, tin is expressed in all mesodermal cells of the trunk region of the embryo, as well as in a patch of expression in the head (Fig.  1G) . Thus, at the time when wg and dpp are expressed in their primary expression patterns, tin is expressed in all underlying mesodermal cells in the trunk region of the embryo. In a second phase (stage 10), tin expression in the trunk region persists only in cells of the dorsal mesoderm (Fig. 1H) . dpp is expressed in the dorsal ectoderm overlying these cells (Fig.  1A) , and has been shown to determine the pattern of tin expression at this stage (Frasch, 1995) . Thus, at the time when wg and dpp are undergoing transitions in their expression patterns, the pattern of tin has already been restricted to the dorsal mesoderm by the stage 9 pattern of dpp. In a third phase (stage 11), tin expression in the dorsal mesoderm becomes interrupted segmentally, and is expressed only in the region of each segment near the wg stripe, in two clusters of cells per segment (Fig. 1I ). wg expression during stage 9/ 10 is required for tin expression at stage 11 (Fig. 1A ,B,I,J; Wu et al., 1995) . By stage 11, the patterns of both wg and dpp have assumed their secondary expression patterns. As a result, only cells of the dorsal-most tin clusters are in proximity of both wg and dpp expressing cells. Cells of the more lateral tin cluster are no longer exposed to wg and dpp, while mesodermal cells below the ventro-lateral wg/dpp intersect do not express tin (Fig. 1C,I ). Finally, tin expression is restricted exclusively to dorsal margin mesoderm ( Fig. 1J -L). Thus tin expression persists, and heart precursors are specified, in regions exposed to both the primary and the secondary wg/dpp intersects.
Mutants that affect late wg or dpp expression affect late tin expression
A temperature-sensitive mutant of wg has been used to demonstrate that maintenance of tin in the cardiac mesoderm requires wg expression at both an early stage, when wg is expressed in its primary expression pattern, and at a later stage, when wg is expressed in its restricted, secondary pattern ( Fig. 1A,C ; Wu et al., 1995; Jagla et al., 1997) . Adequate temperature-sensitive mutants of dpp to study a similar biphasic requirement are not available. However, a recent study shows that the pattern of phosphorylated Mad in the mesoderm, which is thought to reflect activation by Dpp, is first in a broad pattern (at stage 10), but then is restricted to a much narrower dorsal band (by stage 11/12) (Knirr and Frasch, 2001 ). This suggests that the dpp signal is transduced to the mesoderm in temporal and spatial patterns similar to dpp expression in the overlaying ectoderm. Moreover, in Djun mutants, the pattern of dpp is normally restricted to the dorsal edge, but is not maintained (Riesgo-Escovar and Hafen, 1997). In DJun embryos, late stage tin expression of the cardiac mesoderm is either reduced or absent ( Fig. 2) , as would be expected if dpp and phosphorylated Mad promote continued maintenance of tin expression in the dorsally restricted pattern of the cardiac mesoderm. These findings are consistent with a late function of dpp, in addition to its early requirement, in specifying the position of heart formation within the mesoderm.
Both primary and secondary patterns of wg and dpp determine the tin pattern
In addition to analysis of loss-of function mutants, misexpression studies can be used to assess the roles of different patterns of gene expression on specific developmental events. We utilized a scheme in which the patterns of wg and dpp is altered before, during, and after the normal transition of their expression patterns, and then assayed for effects on the tin expression pattern at several stages. The mis-expression of wg, dpp, or wg and dpp has no effect on the pattern of tin during stage 9, when the expression of tin is presumably still under the control of twist (data not shown). Effects of the mesodermal mis-expression of dpp, using twi24B-Ga14 to drive UAS-dpp (twi24B-dpp; see Section 4) on the pattern of tin expression can first be detected at stage 10. In wildtype embryos at this stage, tin is expressed in a broad dorsal band, corresponding to the pattern of cells exposed to the primary pattern of dpp (Fig.  3A) . In twi24B-dpp embryos, all mesodermal cells are exposed to dpp, and all mesodermal cells maintain expression of tin (Fig. 3G) . At this stage, the mis-expression of wg (twi24B-wg) alone has no effect on the expression pattern of tin (Fig. 3D) , and the mis-expression of both wg and dpp together (twi24B-dpp/wg), like the mis-expression of dpp alone, results in the uniform expression of tin within the mesoderm (Fig. 3J) . Thus the pattern of dpp alone is suffi-cient to explain the pattern of tin expression at stage 10 (see also Frasch, 1995; Xu et al., 1998) .
A dual requirement for both wg and dpp in the maintenance of tin expression is detectable at stage 11, when tin expression persists only in cells that have been exposed to the primary patterns of both wg and dpp. In twi24B-dpp/wg embryos all mesodermal cells are exposed to both signals, and all mesodermal cells continue to express tin (Fig. 3K ). This demonstrates that every mesodermal cell in the trunk region of the embryo is capable of maintaining expression of tin through stage 11 in response to signaling by wg and dpp. At this stage, neither the mis-expression of dpp alone (Fig. 3H ) or of wg alone (Fig. 3E ) is sufficient to drive tin expression in all mesodermal cells. Rather, the patterns of tin expression in these embryos reflects the pattern of primary wg/dpp intersect. In twi24B-wg embryos, wg is mis-expressed uniformly in the mesoderm, and the primary wg/dpp intersect thus corresponds to the primary pattern of dpp. In these embryos, tin is expressed in a broad dorsal band (Fig. 3E) , similar to the pattern of stage 9 dpp expression (Fig. 1A) . In twi24B-dpp embryos, dpp is misexpressed uniformly in the mesoderm, and the primary wg/dpp intersect thus corresponds to the primary pattern of wg. In these embryos, tin is expressed in segmental stripes (Fig. 3H) , similar to the pattern of stage 9 wg expression (Fig. 1A) . Thus the stage 11 tin pattern reflects the pattern of the stage 9 wg/dpp intersect when wg, dpp, or wg and dpp are mis-expressed uniformly in the mesoderm.
If the secondary, stage 11 pattern of either wg or dpp is required for later patterns of tin expression, then the pattern of tin expression should reflect that requirement. In wildtype-embryos, there are two clusters of tin-expressing cells per segment at stage 11 (Fig. 3B) ; only the cells of the dorsal cluster continue to be exposed to these two signals at stage 11, after the transition of the wg and dpp patterns, and only these cells continue to maintain tin expression at stage 12 (Fig. 3C ).
Our mis-expression studies are also consistent with the view that both wg and dpp are required again after their expression patterns have changed, for the continued maintenance of tin expression. In twi24B-wg embryos, wg is misexpressed uniformly, but the pattern of dpp remains wildtype, and at stage 11 is restricted normally to the extreme dorsal ectodermal edge (see Fig. 1C ). Similarly, the expression pattern of tin at stage 12 is restricted to the dorsal mesodermal margin as in wildtype (Fig. 3C,F) . This is consistent with the view that dpp signaling at stage 11 is required for directing late stage tin expression. In twi24B-dpp embryos dpp is mis-expressed uniformly, but the pattern of wg is no longer maintained in lateral regions as in wildtype (Fig. 1C) . By stage 12, mesodermal cells in lateral regions likewise lose tin expression, while cells bordering these regions, where both wg and dpp are still present, do not. Consequently, tin is maintained not only at the dorsal edge, but also in the ventrolateral region (Fig. 3I) . This is consistent with the view that, in addition to dpp, wg signaling at stage 11 is also required for directing late stage tin expression correctly, i.e. to the dorsal mesodermal margin.
To test whether the combination of these two genes is sufficient to drive stage 12 tin, embryos in which both genes were mis-expressed were also assessed. In twi24B-dpp/wg embryos, tin is expressed extensively and randomly throughout the trunk mesoderm, but clearly not present in the majority of the trunk mesoderm (Fig. 3L) . Thus, we were compelled to consider the possibility that some other spatially localized factor is also required for the final restriction of tin to heart precursors. However, the spatial breadth and random pattern of tin expression in the mesoderm of these embryos argues against an input that provides spatial information independently of wg and dpp. If some other gene product is required for heart specification, it must be present not only at the dorsal edge (where tin is normally observed), and at the ventrolateral edge (where ectopic tin is observed in twi24B-dpp embryos), but broadly throughout the mesoderm (where ectopic tin is observed in twi24B-dpp/ In those embryos in which tin is still detected, tin expression is either reduced, as shown here, or discontinuous. In most of these embryos, the heart is most often found near the dorsal midline (red arrows), and appears to initiate its own 'dorsal closure' independently of the ectoderm (black arrowheads, B). (C) In other embryos, no tin expression is detected (C).
wg embryos). Any factor that can explain all these results is unlikely to be spatially localized itself, or is not spatially localized independently of wg and dpp. We consider two scenarios: a wg and dpp intersect in the presence of tin has to overcome a mesodermal default state which is not cardiac, and pan-overexpression of wg and dpp does that incompletely. A factor involved in this process may be sip, which apparently participates in promoting cardiac cell fates in a Fig. 3 . tin expression domains correspond to both the early and the late spatial-temporal patterns of wg and dpp in wildtype embryos (A-C), and in embryos carrying the twist-Gal4; 24B-Gal4 constructs together with UAS-wg (D-F), UAS-dpp (G-I), or UAS-dpp; UAS-wg (J-L). For each case, a single embryo is shown from both a lateral view (upper embryo in each pair) and a ventral view (lower embryo in each pair). (A, D, G, J) The stage 10 tin pattern corresponds to the stage 9 dpp pattern. In wildtype embryos, tin is restricted to a wide band of expression (A) that corresponds to the stage 9 pattern of dpp (Fig. 1A) . In embryos in which either dpp alone, or dpp together with wg, are mis-expressed uniformly in the mesoderm, tin is expressed uniformly in the mesoderm (G,J). In contrast, the uniform mis-expression of wg alone has no affect on the tin expression pattern at this stage (D). (B, E, H, K) Stage 11 tin occurs only in regions exposed to the stage 9 wg/dpp intersect. In wildtype embryos, tin expression is restricted to two clusters of cells at positions exposed to wg (B). In embryos in which wg is mis-expressed uniformly in the mesoderm, tin is expressed in a broad dorsal band (E), which, in these embryos, corresponds to the pattern of wg/ dpp intersect. In embryos in which dpp is mis-expressed uniformly in the mesoderm, tin is expressed in segmental stripes, which, in these embryos, corresponds to the pattern of wg/dpp intersect (H). In embryos in which both dpp and wg are mis-expressed uniformly in the mesoderm, the pattern of intersect is uniform, as is the pattern of tin expression (K). (C, F, I, L) Stage 12 tin occurs only in regions exposed to both the stage 9 and the stage 11 wg/dpp intersects. In wildtype embryos tin expression at stage 12 persists only in cells of the dorsal cluster (B), which then spread across the dorsal edge (C). Similarly, the dorsal line of tin expression in embryos in which wg is mis-expressed (F), corresponds to the only region in these embryos exposed to both wg and dpp during both stage 9 and stage 11. In embryos in which dpp is mis-expressed uniformly in the mesoderm, the restriction of tin from continuous stripes (H) to the dorsal and ventrolateral edge (I), also corresponds to positions exposed to both wg and dpp during both stage 9 and stage 11. In embryos in which both wg and dpp are mis-expressed uniformly in the mesoderm, the pattern of wg/dpp intersect is uniform. In these embryos, the pattern of tin expression persists in a broad, random pattern throughout the mesoderm (L).
wg dependent fashion (Lee and Frasch, 2000) . On the other hand, it is possible that cardiac determination is both activated and inhibited by wg and dpp (e.g. by feedback inhibition), and it is the balance between the two opposing forces that determines the exact amount of cardiac specification. Such a mechanism could explain that upon pan-mesodermal expression of wg only, stage 12 tin expression is still confined to the dorsal edge, but the number of cells adopting cardiac cell fates is at least transiently increased (Lawrence et al., 1995 ; compare also Fig. 3C,F, top panel) . A model showing the dynamic spatial-temporal patterns of wg, dpp, and tin, as these patterns are elaborated in wildtype embryos, is shown in Fig. 4. 
Wildtype and ectopic heart specification occurs at persistent wg/dpp intersects
Like the stage 12 pattern of tin expression, the heart is specified at positions exposed to both primary and secondary wg/dpp intersects, where crests of the mesoderm present along the wg stripe extend dorsally (Dunin Borkowski et al., 1995) to regions of the secondary dpp pattern. When such intersects are provided ectopically, tin expression is generated ectopically (Fig. 3) . To determine whether ectopic heart is also specified at these positions, we compared the pattern of tin expression in these embryos to the expression pattern of several heart markers. By stage 13, bagpipe RNA (bap) labels the cardial cells of the heart and is absent from the visceral mesoderm ( Fig. 5A ; Azpiazu and Frasch, 1993) , Even-skipped protein (Eve) recognizes the Eve-pericardial cells and dorsal muscle 1 (DA1) ( Fig. 5B ; Frasch et al., 1987) , Mab 3 recognizes all pericardial cells ( Fig. 5C ; Yarnitzky and VoIk, 1995) , and Dsur RNA labels cardial cells only (data not shown; Nasonkin et al., 1999) . These markers also label a few other cell types, but overlap in expression only in the heart. Thus, we consider ectopic heart specification to be demonstrated only in regions of the embryo where the patterns of bap, Eve, Mab 3, and Dsur overlap.
In twi24B-wg embryos, tin is expressed in a row of cells across the dorsal edge (Fig. 3F) . In these embryos, the patterns of bap, Eve, and Mab 3 all occur along the dorsal edge ( Fig. 5D-F) . Mab 3 is also present at high levels in thoracic segments (Fig. 5F ) but is not considered evidence of ectopic heart specification, since Eve and bap are not also present. In twi24B-dpp embryos, tin is expressed not only at the dorsal edge, but also ectopically, in the ventro-lateral mesoderm (Fig. 3I) . In these embryos, the patterns of bap, Eve, and Mab 3 are each expressed not only at the dorsal edge, but also in this ventro-lateral region (Fig. 5G-I) , and we conclude that these cells do represent ectopically specified cardiac cell types: again, this position corresponds to regions exposed to both a primary and a secondary wg/dppintersect. Finally, in twi24B-dpp/wg embryos, the pattern of tin is random throughout the mesoderm (Fig. 3L) . In these embryos, bap, Eve, and Mab 3 are also present randomly (Fig. 4J-L) . Similar data were obtained with monitoring Dsur RNA, which paralleled precisely stage 12/13 tin expression (data not shown). We conclude that in every case, stage 12 tin expression pattern predicts the pattern of heart cell specification.
One possibility suggested by these results is that the pattern of heart specification is determined simply by the pattern of tin during stage 12. In this case, the patterns of wg and dpp themselves would be relevant to heart specification only insofar as they determine the pattern of tin at that stage. To test this, embryos were generated in which the pattern of tin, but not the patterns of wg and dpp, were altered. In these twi24B-tin embryos, tin is expressed uniformly in the mesoderm beginning at the onset of gastrulation and persisting beyond stage 12. If the stage 12 tin pattern alone determines the pattern of heart cell specification, we would expect the pattern of other heart markers to be correspondingly widespread. In these embryos, few cells exhibit ectopic expression of bap (Fig. 5M) or Mab 3 (Fig. 5O ), in non-overlapping patterns, and no cells ectopically express Eve (Fig. 5N) . Thus, the pattern of heart specification cannot be accounted for simply by the stage 12 pattern of tin. Rather, ectopic heart appears to be specified only in regions where tin is expressed at stage 12 as a result of and coinciding with wg and dpp signaling.
dpp is required early but not late for specification of the visceral mesoderm
The complex expression patterns of wg and dpp provide a possible mechanism by which the same signaling molecules can specify multiple cell types. To assess whether other spatial-temporal combinations of wg and/or dpp can explain the spatial allocation of other mesodermal cell types, we also examined the effects of mis-expressing wg and/or dpp on the specification pattern of the visceral mesoderm. The visceral mesoderm is specified in regions of each segment adjacent to the crests of heart specification (Azpiazu et al., 1996; Riechmann et al., 1997; Lee and Frasch, 2000) , where mesodermal cells dip away from the dorsal edge, both ventrally and internally (Dunin Borkowski et al., 1995) . Like the heart, cells of the visceral mesoderm are specified segmentally, and then coalesce with visceral mesoderm in neighboring segments. Also like the heart, all cells of the visceral mesoderm require signaling by dpp. However, in contrast to the heart, the visceral mesoderm is specified in mesodermal regions exposed to the primary pattern of dpp, but not to the secondary pattern.
We examined the course of visceral mesoderm formation and differentiation after uniform mis-expression of dpp in the mesoderm. In wildtype embryos, Fas III labels all cells of the visceral mesoderm and can be seen in a continuous band (Fig. 6A,C,E) . In embryos in which dpp has been misexpressed uniformly in the mesoderm, stage 11 Fas III expression is expanded, and extends towards the ventral mid-line (Fig. 6B) , as has previously been reported (Frasch, 1995) . This result is consistent with an early requirement for dpp in establishing the visceral mesoderm anlagen. At stage 12, Fas III expression is still present (Fig. 6D ), but the normally palisade morphology of the visceral mesodermal cells have rounded up (insets in Fig. 6C,D) . From stage 13 onwards, not only Fas III but also the general muscle markers D-mef2 (Lilly et al., 1995; Bour et al., 1995) is no longer detected in the region where visceral mesoderm normally forms (Fig. 5E-H) . In contrast, D-mef2 expression in somatic and cardiac muscles continues. Thus, in the presence of persistent dpp the visceral mesoderm anlagen Fig. 4 . Two types of spatial information are required to localize heart precursors in Drosophila. wg (turqouise centers) and dpp (purple rims) are expressed in and secreted from the ectoderm, where they progressively influence the pattern of tin (green rims) expression. The stage 9 expression of tin throughout the mesoderm is independent of wg and dpp signaling, and depends rather on twist. However, the elaboration of the tin pattern depends on wg and dpp at several stages: the stage 10 tin pattern mimics the stage 9 dpp pattern, and the stage 11 tin pattern additionally requires stage 9 wg. Only those cells exposed to wg and dpp at stage 9, and at stage 11, continue to express tin at stage 12 and later express cardiac-specific markers.
are first expanded and then selectively extinguished, consistent with the hypothesis that the dynamic pattern of dpp is functionally significant not only for defining the region of heart cell specification, but also for defining the region of visceral mesoderm specification.
The visceral mesoderm is patterned not only with respect to the dorsoventral axis, but also with respect to the anteriorposterior axis, and is thought to form in the region of each segment not exposed to wg signaling (Azpiazu et al., 1996; Riechmann etal., 1997) . Indeed, manipulating wg (and its mesodermal target sip) shows visceral mesoderm expansion in wg mutants, due to a failure to activate the visceral mesoderm repressor slp, and a dramatic reduction in embryos with pan-mesodermal mis-expression of slp (Lee and Frasch, 2000) . In addition to this early requirement for wg expression in defining the spatial origin of the visceral mesoderm, wg Fig. 5 . Heart specification corresponds to the stage 12 tin expression pattern in wildtype embryos (A-C), and in embryos carrying the twi-Gal4; 24B-Gal4 constructs together with UAS-wg (D-F), UAS-dpp (G-I), or UAS-dpp; UAS-wg (J-L), but not in UAS-tin embryos (M-O). (A-C) In wildtype embryos bap, Eve, and Mab 3 are expressed in different subsets of heart cells in the same region as stage 12 tin expression (compare A-C to Fig. 3C ). bap is also expressed in the fore-and hind-gut at this stage (not shown), Eve is also expressed in the CNS (black arrowheads in B, E, H, K; black dots indicate boundary between the CNS and the lateral ectoderm), and Mab 3 is also expressed in regions of the thoracic imaginal discs (black arrowheads in C) and in oenocytes (black arrows in C,F,I). (D-F) In embryos in which wg is mis-expressed uniformly in the mesoderm, bap (D) and Eve (E) are expressed at the dorsal edge, similar to the pattern of tin expression in these embryos at stage 12 (Fig. 3F) . Mab 3 (F) is also expressed at the dorsal edge, and expression in the thoracic segments is greatly increased (black arrowheads). (G-I) In embryos in which dpp is mis-expressed uniformly in the mesoderm, bap (G), Eve (H) and Mab 3 (I) coincide not only in the dorsal region (red arrows), but also in segmented clusters of the ventrolateral region just dorsal to the CNS (red arrowheads), similar to the pattern of tin expression in these embryos at stage 12 (Fig. 3I) . In embryos in which both dpp and wg are mis-expressed uniformly in the mesoderm, bap (J), Eve (K) and Mab 3 (L) coincide not only in the dorsal region (red arrows), but are all also expressed broadly throughout the mesoderm (red arrowheads), similar to the pattern of tin expression in these embryos at stage 12 (Fig. 3L) . (M-O) In embryos in which tin is mis-expressed uniformly in the mesoderm, bap occurs normally at the dorsal edge (red arrow in M), with occasional ectopic expression (black arrowheads). Mab 3 is expressed normally at the dorsal edge (red arrow in O) and in oenocytes (black arrow), as well as ectopically within the mesoderm (black arrowheads), while the pattern of Eve is wildtype (red arrow in N). Fig. 6 . Effects of the mis-expression of wg or dpp on specification of the visceral mesoderm. (A-H) Ectopic dpp first expands then extinguishes visceral mesoderm. (A, C, E) In wildtype embryos, Fas III is expressed in a continuous band of visceral mesoderm by late stage 11 (A), and continues to be expressed as these cells detach from the ectoderm (stage 12) (C), and surround the gut (stage 13) (E). (G) D-mef2 is expressed not only in the cells of the visceral mesoderm (black arrow), but in the heart (red arrow), and in the somatic muscles (black arrowhead). (B, D, F) In embryos in which dpp is mis-expressed uniformly in the mesoderm, Fas III expression is first expanded, and extends in expression toward the ventral midline (B). At stage 12, these cells continue to express Fas III, but these cells appear rounded in comparison to the Fas III-expressing cells in wildtype embryos, and stay more closely apposed to the ectoderm than in wildtype (C, D, and insets). At stage 13, no visceral mesoderm is present around the midgut (F). (H) D-mef2 continues to be expressed in the heart (red arrow) and somatic muscles (black arrowhead), but is selectively missing from the region normally occupied by the visceral mesoderm (black arrow). (I, J) Ectopic wg expands Con-expressing visceral mesoderm. In wildtype embryos, Con is expressed in a subset of cells of the visceral mesoderm at stage 14 (I). In embryos in which wg is mis-expressed uniformly in the mesoderm, Con expression is expanded along the anterior-posterior axis, and is now expressed in apparently all cells of the visceral mesoderm (J). might be needed again later to pattern the visceral mesoderm. Indeed, the segmented pattern of Connectin (Con) in the visceral mesoderm at stage 12/13 (Fig. 6I ) requires wg for expression (Bilder and Scott, 1998) . In contrast, uniform mesodermal mis-expression of wg causes expansion of Con labeling along the anterior-posterior axis (Fig. 6J) , suggesting that the Con-expressing subset of the visceral mesoderm is specified in regions normally exposed to wg. Like other visceral muscle markers, Con expression at late stages is repressed by persistent dpp (data not shown). These results suggest that the Con-expressing cells are distinguished from other cells of the visceral mesoderm by the secondary pattern of wg, and from the heart by the absence of the primary pattern of wg and the secondary pattern of dpp.
In addition to the complexity of wg and dpp signaling, cell-cell interactions and asymmetric cell divisions, are also participating in mesodermal cell-type diversification (Ruiz Gomez and Bate, 1997; Carmena et al., 1998b; Jagla et al., 1998; Park et al., 1998; Su et al., 1999; Ward and Skeath, 2000) .
2.6. Ectodermal mis-expression of tin in imaginal disc primordia generates ectopic heart specification wg and dpp affect cell type specification not only in the mesoderm, but throughout the embryo and imaginal discs. A global positional information system comprised of secreted signaling molecules could provide a mechanism not only for patterning individual structures, but also for coordinating patterning between structures. However, such a system requires some other type of spatial information to distinguish one region of wg and dpp signaling from another, so that different sets of cell types are specified in each. We reasoned that a single mesoderm-specific gene would be sufficient, in principle, to distinguish mesodermal wg/dpp intersects from all others, and considered the possibility that tin provides this mesodermal context. If heart is specified as those tin expressing cells exposed to both wg and dpp, then it should be possible to generate ectopic heart not only by mis-expressing wg and dpp in the tin-expressing mesoderm, but also by mis-expressing tin in wg-and dpp-expressing regions of other germ layers. To test this, we mis-expressed tin with a Distal-less-Ga14 driver (Dll-Gal4) (Calleja et al., 1996) , which generates tin expression at thoracic wg/dpp intersects (arrowheads in Fig. 7A,B) , regions of the embryo which normally generate the leg and wing imaginal primordia (Cohen et al., 1993) . The mis-expsession of tin in these regions results in the ectopic expression of both bap (Fig.  7C-E) and Eve ( Fig. 7F-I) , as well as high levels of Mab 3 (Fig. 7J,K) . However, this Mab 3 expression is not ectopic, as we also observed low levels of expression in these regions in wildtype embryos (Fig. 7J) . Furthermore, this ectopic induction is ectodermal (Fig. 7E,H,I ), and does not occur in the twist-expressing mesodermal cells which are located internally to the ectoderm in this region (data not shown; Bate et al., 1991) . Thus, it appears that tin is sufficient, in the absence of twist, to generate ectopic cardiac cell fates, as determined by the coincident expression of Eve, bap, and Mab 3 in the ectodermal wg-and dpp-intersects of the thoracic imaginal disc primordia.
Discussion
Overall these results suggest that heart specification occurs as the result of reciprocal interactions between two informational systems. wg and dpp provide positional information, but as they are involved in patterning multiple regions of the embryo, require that some other system provide context. tin provides mesoderm-specific context, but as it is involved in the specification of several mesodermal cell types, requires that some other system provide specificity. Only in combination do these two systems contain sufficient spatial information to specify and position the heart. We find this interpretation to be consistent with more general conclusions of classical embryologists. In 1969, Lewis Wolpert proposed the existence of a universal, coordinate positional information system as well as a second, independent system for 'interpreting' this universal positional information (Wolpert, 1969) . These dual informational systems were invoked to explain, for example, the growth of toes on chick wings, when proximal thigh tissue from a leg was transplanted to the distal tip of a wing. These experiments demonstrated the existence of a positional information system in common between the leg and the wing, as the leg tissue was able to respond to the position to which it was transplanted and generate distal structures. This universal positional information system is perhaps analogous to wg and dpp, which define a global positional information system in common between many regions of the Drosophila embryo. However, Wolpert also observed that as transplantation did not convert the intrinsic nature of the tissue from leg to wing, these experiments also revealed the existence of a second set of information to appropriately 'interpret' these positional signals. This second type of information is analogous to the role we suggest for tin in providing mesoderm-specific context to wg and dpp. Consistent with the model proposed by Wolpert, the initiation of tin is, importantly, independent of wg and dpp; it is the initial mesoderm-specificity of the tin pattern that distinguishes this region of wg and dpp signaling from all others. Unlike Wolpert's model, however, we show that these two informational systems do not remain independent, at least within the Drosophila mesoderm: the maintenance of tin expression clearly depends at later stages on signaling from both wg and dpp. This aspect is important, as wg, dpp, and tin are each involved not only in the specification of the heart, but in the specification of multiple other mesodermal cell types. We suggest that spatial complexity within the mesoderm is determined, in part, by the complexity of the expression patterns of wg and dpp themselves, and their effects on the patterns of downstream target genes such as tinman. This is dramatically illustrated by the findings of this report and previous work (Wu et al., 1995; Frasch, 1995; Jagla et al., 1997) , in that two temporally and spatially distinct patterns of wg and dpp expression need to be invoked in order to explain the correct specification and positioning of the heart at the dorsal mesodermal margin. It remains to be seen if a similar complexity in signals is necessary to specify the vertebrate heart field.
Experimental procedures
Drosophila stocks and genetics
Targeted mis-expression of wg, dpp and tin was accomplished using the UAS-Ga14 system (Brand and Perrimon, 1993) . A combination of twi-Ga14 (Greig and Akam, 1993) ; 24B-Gal 4 (Brand and Perrimon, 1993) was created to Fig. 7 . Ectopic heart specification in thoracic imaginal disc primordia in embryos carrying Dll-Ga14 together with UAS-tin. (A) Wildtype pattern of wg (turquoise) and dpp (purple) showing position of wg/dpp intersects (arrowheads) relative to the tracheal pits (arrows). These wg/dpp intersects correspond to the position of the thoracic imaginal disc primordia (Cohen et al., 1993) . (B) The pattern of tin in UAS-tin/Dll-Ga14 embryos showing the pattern of tin expression (arrowheads) relative to the tracheal pits (arrows). (C-E) bap expression in stage 11 embryos. In wildtype embryos, bap is not expressed in thoracic imaginal primordia (C), but is in UAStin/Dll-Ga14 embryos (red arrows in D). For reference, black arrows indicate tracheal pits. This ectopic bap expression is clearly in the ectodermal epithelium (E). (F-H) Eve labeling in stage 11 embryos. In wildtype embryos, Eve is never present in thoracic imaginal primordia (F), but is in UAS-tin/Dll-Ga14 embryos (G). Black arrows indicate tracheal pits, red arrows the normal heart at the dorsal edge, and red arrowheads ectopic Eve in the region of the thoracic imaginal discs. The embryo in G-I shows ectopic labeling in T1 and T3. This is also clearly ectodermal (H, I). j,k, Mab 3 labeling in stage 14 embryo. Mab 3 is present at very low levels in the forming imaginal primordium of wildtype embryos (black arrowheads in J), and at much higher levels in UASt/n/DlI-Gal4 embryos (red arrowheads in K). generate ectopic expression patterns which are both uniform and persistent within the mesoderm, and crossed to stocks containing either UASdpp (Staehling-Hampton and Hoffmann, 1994) , UASwg (Lawrence et al., 1995) , UASdpp and UASwg, or UAS tin (Ranganayakulu et al., 1998) . Combinations of transgene insertions were generated using standard genetic crosses. Targeted mis-expression of tin in the imaginal discs was achieved by crossing a stock containing UAStin to a stock containing Dll-Gal4 (Calleja et al., 1996) . I(2R)IA 109, a null allele in the DJun locus, has been described (Riesgo-Escovar and Hafen, 1997) . A stock containing a wg-lacZ construct (Kassis et al., 1992) was used in the dpp/wg double labeling experiments.
Immunohistochemistry and in situ hybridization
Immunohistochemistry was performed as described (Wu et al., 1995) . Primary antibodies were used at the following dilutions: rabbit anti-Eve, 1:1000 (Frasch et al., 1987) ; mouse anti-Mab3 1:10 (Yarnitzky and Volk, 1995) ; mouse anti-Fas III (2D5) 1:10 (Patel et al., 1987) ; mouse anti-Con 1:10 (Meadows et al., 1994) ; rabbit anti-D-mef2 1:1000 (Lilly et al., 1995) . Biotinylated secondary antibodies (Vector Laboratories) were used at 1:200.
In situ hybridization to whole embryos using digoxigenin-labelled probes (Boehringer) was performed as described (Wu et al., 1995) . The dpp probe was generated from a 2.9 kb dpp E55 fragment (Padgett et al., 1987) , the tin probe from a 1.7 kb insert (Bodmer et al., 1990) , and the bap probe from a 3.6 kb genomic fragment (Webber et al., 1990) . Combination X-gal/in situ double labeling was performed as described (Su et al., 1998) .
